Application of Macromolecules with Carbohydrate Residues
Along with proteins and lipids, carbohydrates are among the most important chemical constituents of living organisms. Carbohydrates have numerous functions in human and animal organisms: as an energy source (the main type of cell fuel), structural (a mandatory component in the majority of intracellular structures), and protective function (participation of carbohydrate components of immunoglobulins in immunity maintenance). In complexes with nucleic acids or peptides, carbohydrates form glycoconjugates that are compounds involved in main biochemical processes. Synthetic analogues of such natural carbohydrate structures were called neoglycoconjugates. Neoglycoconjugates are unique tools for the study of carbohydrate-binding proteins of the cell surface that can be used to modify biological processes. [1] The main problem in the synthesis of neoglycoconjugates is creating a reactive functional moiety in the carbohydrate component, which allows bioactive molecules to be bound to it subsequently. However, the procedure of neoglycolconjugate assembly has a number of considerable limitations. The reactions and reagents used in the procedure should be compatible both with the reactive groups of the aglycone and with carbohydrate moieties, should not cause modifications of the terminal glycoside residue or affect the surface charge of proteins, and should provide high yields. [2] The chemistry of neoglycoconjugates covers a wide area of synthetic carbohydrate derivatives with specific structures and properties. It is reported rather often in recent publications on the synthesis of similar structures that these compounds are used for the study and evaluation (both qualitative and quantitative) of specific reactions with various classes of compounds, as well as for the creation of artificial antibacterial vaccines, biomimetics, biosensors, and reagents for diagnostics on this basis, thus opening new approaches in chemical glycobiology and biomedicine (Figure 1 ).
Neoglycoconjugates in Glycobiology
The problem of low affinity in various types of carbohydrate interactions, despite their rather high selectivity, is overcome by grouping of ligands and receptors on the cell surface into complicated multivalent complexes. Such associative influence makes them multifunctional in the bond formation. To understand the mechanisms of these processes, complex model systems were developed based on spherical or linear carbohydrate associates, such as glycodendrimers (1), glycopolymers (2), glycopeptides, and glycoproteins, as well as self-organizing systems, such as micelles and liposomes ( Figure 2 ). [3] In search for new multivalent complexes with distinct chemical composition, some research teams used metalbased glyconanoparticles (GNP) (Figure 3 ). [4] The advantages they afford in comparison with the other obtained colloids before include: facility of preparation and purification, exceptionally small core size, narrow range of particle size variation, controlled number of ligands, water solubility, high stability, unusual physical properties, and absence of cytotoxicity. Furthermore, it is possible to modify GNP by various molecules, such as fluorescent labels, biotin, A. K. Bolsheborodova and Yu. L. Sebyakin peptides, DNA, and RNA, in order to obtain multifunctional transport systems.
In order to study the selectivity of carbohydrate-protein and carbohydrate-carbohydrate interactions, gold-based nanoparticles functionalized with lactose or a trisaccaride (Le x -Au) ( Figure 4 ) were constructed. [5] Synthetic carbohydrate mimetics in which carbohydrates have a certain spatial configuration are important constructs in glycobiology. The compounds obtained contain a rather rigid 1,4-substituted part of triazole that is well suited for structural mimetics of the carbohydrate ring. [6] As carbohydrate clusters are formed, the azide primarily adds to the carbohydrate. It was found that direct addition of a triazol to a carbohydrate can affect sugar recognition by receptors, hence short or long alkyl spacers are incorporated in the cluster and glycoconjugate core. [7] A synthesis of clusters of C-bound pyranose (3) ( Figure  5 ) using various types of aromatic or calixarene molecules in order to ensure a straight or globular spatial distribution of the carbohydrate was reported in Ref. [8] Mimetics of this kind are particularly attractive in the case of natural or synthetic glycopeptides that are expensive or hard to obtain in large quantities.
Neoglycoconjugates in Biotechnology

Lectins
Undoubtedly, cell receptors are convenient targets for selective delivery of bioactive compounds to certain organs or tissues. Such receptors include carbohydrate-recognizing proteins, lectins, that are present on the surface of animal, plant, and microorganism cells and play an important role in the recognition of other cells, viruses, and bacteria. Dozens of membrane lectins with various kinds of carbohydrate specificity have been characterized; some of them readily deliver their own ligands to intracellular compartments, including endosomes, lysosomes, and Golgi's apparatus. The mechanism of GNP formation. Adapted from [4] . Neoglycoconjugate Gold salt
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Of the entire diversity of lectin receptors, those located on cancer cells and on the surface of vital human organs are of the greatest interest. It was found that the majority of them have a certain structure responsible for recognition, therefore creation of high affinity compounds allows them to be used as vectors for directed drug transport. [11] 
Neoglycoconjugates as Ligands for Directed Delivery of Bioactive Compounds
Liposomes are the most thoroughly studied nanosystems for the transport of drugs and genetic material. Owing to the similarity with cell membranes, they have rather low cytotoxicity, are biodegradable and can be absorbed by cells under certain conditions, which results in intracellular delivery of their content. Furthermore, a compound enclosed in a liposome is protected from exposure to enzymes, which favors the efficiency of agents that are liable to biodestruction in biological fluids. [12] The former problem can be solved by modification of particle surfaces by polymers with flexible hydrophilic chain, such as polyethylene glycol (PEG). Target properties are imparted to liposomes by functionalization of their surfaces with various macromolecules, including natural An example of specific transport systems is given by liposomes modified by various carbohydrate residues that serve as a molecular recognition signal for target cells. In order to increase the binding constant of sugar residues with specific proteins on cell surfaces, multivalent or cluster derivatives are used more and more often.
Glycoclusters (or "cluster" glycosides) are similar in structure to natural oligoantennary glycoconjugates.
A. K. Bolsheborodova and Yu. L. Sebyakin
Numerous syntheses of similar structures based on various scaffolds have been reported.
For example, branched aliphatic and aromatic scaffolds, such as porphyrins (4), calyxarenes (5), derivatives of cyclic peptides and carbohydrates (6) , and cyclodextrins [13] [14] [15] were efficiently used (Figure 7) .
The detection of pathogenic bacteria is very important in the qualitative monitoring of foodstuffs and water, in ecological monitoring, and in clinical diagnostics. Carbohydrate-based detection is a promising alternative to the standard methods used for the detection and protection from bacterial infections. [16] 
Carbohydrate Microchips
The use of microchips is an inexpensive and highly specific method for fast high-quality study of a large number of biomolecular interactions. The creation of carbohydratecontaining microscaffolds changed considerably our ability to study the carbohydrate-mediated bonding on molecular level. In fact, polyanionic glycopolymers ( Figure 8 ) applied onto gold electrodes find broad use for the detection of bacterial toxins and adhesion proteins. [17] Furthermore, it was obtained a series of artificial glycopolymers (7, 8) , that can sorb pathogenic E.coli O-157 bacteria and the shiga toxin they produce ( Figure 9 ). [18] 
Carbohydrate-Containing Carbon Nanotubes
Carbon nanotubes (CNTs) attract great interest of scientists owing to their unique structural, mechanical, and electronic properties. [19] They are particularly interesting as biosensors due to their exceptional chemical and biochemical stability and ability to manifest strong fluorescence in the short-wave IR region (800-1600 nm). [20] Gu et al. used carbon nanotubes coated with a galactosyl monolayer (Gal-SWNTs) ( Figure 10 ) as multivalent ligands for specific binding with E. coli. It was shown by scanning electron microscopy that, firstly, selective recognition of E. coli Gal-SWNTs took place, [21] It was shown that Gal-SWNTs and Man-SWNTs can be used as sensitive systems for the detection of Bacillus anthracis spores. [22] 
Fluorescent Glycopolymers
Conjugates of fluorescent glycopolymers, such as glycopoly-p-phenylene-ethynylenes, glycopolythiophenes, glycopoly-p-phenylenes, and carbohydrate-modified polydiacetylenes, were obtained for fast detection of E. Coli owing to multivalent interactions between the carbohydrate residues and bacteria lectins. [23] [24] [25] As these compounds incorporate a fluorescent marker and a glycoside component, they display an interesting combination of properties: fluorescence and high sensitivity to the external signal.
Antiviral Agents
Penades et al. [26] studied whether it is possible to use gold-based glyconanoparticles to control the binding of the human immunodeficiency virus (HIV) with dendrite cells and subsequent propagation of the infection.
The main mechanism of HIV penetration is based on the interaction of gp120 glycoprotein located on its surface with the DC-SIGN receptor expressed on dendrite cells. DC- Figure 10 . E. coli modification. Adapted from [21] .
SIGN is a transmembrane protein that selectively recognizes endogenous mannose residues in oligosaccharide structures of the gp120 glycoprotein. The assumption was made that glyconanoparticles modified by mannoside components would be recognized by DC-SIGN receptors, interact with them, and thus inhibit viral adhesion to dendrite cells.
Transport of Drugs and Genetic Material
The efficiency of drugs is largely determined by their ability to migrate in the organism and reach the sick tissue in therapeutically significant amounts. Therefore, drug delivery systems created in order to improve the pharmacological properties of drugs are among the most important directions in therapeutic studies.
Recently, the method for neoglycopeptide synthesis with the use of olefins became widely popular. A specific feature of this method is that the final glycosylamino acids can be easily incorporated in peptide-like glycoclusters or glycopeptides. The use of this method for synthesizing glycopeptide (11) and oligoglycine (13) scaffolds, [27] C-glycosyl oligopeptide (16), [28] as well as a synthesis of compounds based on C-fucosylpeptide (17) [29] have been reported. As a result, comparatively powerful P-selectinantagonists were obtained ( Figure 11) .
Aside from neoglycoproteins, polymers were suggested as drug delivery agents. The importance of polymer systems increased due to the arrival of biodegradable polymer implants. They are used in this form as a subcutaneous depot that slowly releases a drug and provides a local therapeutic effect.
Such systems also include hydrogels, i.e., cross-linker three-dimensional networks of hydrophilic polymers that swell in water to a size much larger than the original one but do not dissolve. Synthesis of carbohydrate-based hydrogels attracts the attention of researchers due to the biocompatibility and hydrophilic nature of sugars. Hydrogels containing a certain carbohydrate can improve the cell adhesion and growth. Lactose based hydrogels have been synthesized, including thermosensitive ones, and the options of their use have been studied. [30] 
Use of Neoglycoconjugates in Gene Therapy
Transfection into animal cells using cationic vectors is a standard technique in cytobiology. Starting from the discovery of lipofectin in 1987, much interest in non-viral gene delivery systems has been shown. Cationic gene transporters are classified into two main types: liposomeforming lipids and covalent polymer/dendrimers. They are bound with anionic DNA by electrostatic attraction forces. A cell captures the resulting complexes, also known as lipoplexes and polyplexes, respectively, by endocytosis to launch a series of complex intracellular processes that eventually result in the expression of the gene being coded (Figure 12) .
We have recently developed a new type of structures, namely, carbohydrate-containing macrocycles currently called as glycoviruses. Octaamine (18, 19) has eight long alkyl residues and eight amino groups, all or some of which are glycosylated (Figure 13 ). [31] Lactose modification of macrocycle (19) and its DNAconjugates "mask" the positive charge, thus decreasing considerably the toxicity of complexes, on the one hand, and improving the efficiency of recognition by asialoglycoprotein receptors (Figure 14) .
[32] Figure 11 . P-selectin-antagonists synthesis. 
Glyconanoparticles in Materials Science
Magnetic nanoparticles are used ever more frequently for hyperthermal treatment of mammal cells, targeted drug delivery, and cell membrane manipulation. The physicochemical features of these complexes are due to their high magnetization, small size (less than 20 nm), and a special shell that decreases their toxicity and allows them to interact with various biomolecules. [33] The importance of these systems is mainly due to their application as contrast agents in magnetic resonance imaging (MRI), a method for the investigation of internal organs and tissues based on a physical phenomenon, nuclear magnetic resonance. This method allows one to study human organism based on the degree of hydrogen saturation of tissues.
Magnetic Au-Fe nanoparticles modified by D-glucose, D-maltose, and lactose residues were obtained for this purpose (Figure 15 ). The resulting complexes demonstrated magnetic properties with paramagnetic and ferromagnetic features. This anomalous behavior may be attributed to gold atoms, which predominate in metal clusters with Au/ Fe atomic ratios from 50:1 to 5:1 and show permanent magnetism even at room temperature. [34] 
Conclusions
Thus, due to the large structural diversity of neoglycoconjugates and extensive application area creation new systems with carbohydrates and study of their properties is quite interesting and relevant research problem. The main feature of these systems is a multivalent construction involved in carbohydrate-mediated interactions offering new possibilities in glycobiology and giving interesting physical, biological and chemical properties. [32] . Figure 15 . Gold nanoparticles modified with carbohydrate residues. Adapted from [33] .
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